There is a need to know the nanostructure of pressure-sensitive adhesive (PSA) films obtained from waterborne polymer colloids so that it can be correlated with properties. Intermittent-contact atomic force microscopy (AFM) of an acrylic waterborne PSA film identifies two components, which can be attributed to the polymer and the solids in the serum (mainly surfactant). It is found that when the average AFM tapping force, F av , is relatively low, the polymer particles appear to be concave. But when F av is higher, the particles appear to have a convex shape. This observation is explained by a height artefact caused by differences in the indentation depths into the two components that vary with the tapping amplitude and F av . To achieve the maximum contrast between the polymer and serum components, 
Introduction
Pressure-sensitive adhesives (PSAs) constitute a distinct category of adhesives that instantly wet and firmly adhere to a variety of dissimilar surfaces, when applied with only light pressure, without activation by water, heat or solvent. [1, 2] Tighter environmental regulations [3] in the production of PSAs have led to a shift away from solvent-cast formulations to aqueous dispersions of polymer colloids, i.e. latex.
Hence, waterborne PSA technology has increasingly more often been a subject of research, as demonstrated by a recent review article on the topic. [4] Generally, it has been found that the performance of waterborne acrylic PSAs is inferior to that of their solvent-based counterparts. They exhibit lower water resistance, [5, 6] a tendency to whiten in moist atmospheres, and lower tack, adhesion and shear strengths. [7, 8, 9, 10] On the positive side, polymer colloids offer a facile means to tailor the structure of adhesive films at the nanometer length scale [11] . Nanostructured particles have been used to create films with remarkable mechanical properties. [12] A large body of research on non-colloidal (e.g. solvent-cast) copolymers in adhesives has established clear correlation between the molecular structure of films and their adhesive performance. For instance, the effects of factors such as gel content, [10] molecular weight, [13] and crosslinking [14] have been established. There is a much smaller body of work to correlate the molecular architecture and nanostructure of waterborne colloidal films with their adhesion properties. [15, 16, 17, 18] In waterborne PSAs, the distribution and migration of small molecules, especially surfactants, [7, 9, 19] has been correlated with poor waterborne adhesive performance and is of special interest. Greater understanding of surfactant distribution normal to the film surface has been obtained recently from modelling [20] Published in Journal of Colloids and Interface Science (2007) 307, 56-63 5 and experiment [21] . This present work is partly motivated by a need for information about surfactant distribution in waterborne PSAs, which will be correlated with studies of adhesion characteristics in future work.
Transmission [22, 23] and scanning electron microscopy [24, 25] are well established as methods for determining the structure of individual latex particles and films. More recently, scanning near-field optical microscopy [26] has been applied for these purposes. In our previous research, [27, 28, 29, 30] we determined the morphology of waterborne PSA films using atomic force microscopy (AFM), as a first step in correlation with properties.
AFM is attractive, because it offers not only topographical information but also insight into the local mechanical properties at the nanoscale. Although AFM has been used for well over a decade for studies of latex particles and films [31] , there is very little work on the interpretation of images for these types of materials. The very soft particles used for PSAs, as well as the presence of latex serum solids in the dry film, present particular challenges in imaging and interpretation. Until the structure of PSA films can be determined with confidence, it will not be possible to obtain an understanding of structure-property relationships. This present work seeks to develop a reliable understanding of the nanostructure of PSA particles and films through the robust interpretation of AFM images.
A chief concern among AFM users is how to determine the "true" structure of a soft surface. In providing topographic images of soft surfaces, the technique is prone to height artefacts that can be misleading to the viewer. For several years now, it has been recognized that height images obtained with intermittent contact (also called the [32, 33] . For instance, it has been shown that differences in the tip indentation depth into hard and soft phases on a smooth triblock copolymer surface create a false impression of surface topography [34] . That is, instead of representing the true surface topography, the image is a map of indentation depths.
In a different study of a triblock copolymer, reversals in the contrast in both phase and height images were observed as the tapping force and indentation depth increased [35] . This reversal was explained by a switch in the tip-sample interaction from an attractive to repulsive force for the harder phase but not for the softer phase, because of a slower tip speed and greater deformation in the latter. In related work on blends of glassy and rubbery polymers [36] , two different contrast reversals were observed in both the height and phase images as the tapping force was increased. The first flip, which occurred at lower force levels, was related to a switch-over of the tipsample interaction forces from attractive to repulsive, as in the other study. The second flip, occurring at higher force levels, however, was related to the large deformation of the matrix region.
Height artifacts and reversals in contrast have thus been well documented in diblock copolymers and polymer blends. However, they have not been reported nor explored in detail in the literature on colloidal PSA films. This gap in the literature is addressed in the present work. In the application of AFM to PSA films, a stiff cantilever and large tapping amplitude is usually applied in order to obtain reliable images [27] . Under these conditions, imaging is not performed in the attractive region at the beginning of tip-sample contact. and show how to understand them. We explore the reliability of phase contrast images in being able to distinguish between polymer and surfactant components.
Materials and Methods

Preparation of PSA Latex
The PSA latex was synthesized by a semi-continuous emulsion polymerization process initiated by ammonium persulfate. Latex particle stability is controlled by a mixture of anionic surfactants (2 wt.% on the total monomer charge). Na 2 CO 3 is used as a buffer. Polymerizations were carried out in a 3-liter glass reactor equipped with a reflux condensor and anchor stirrer. The temperature was controlled through the circulation of water from a thermostatic bath in the reactor jacket. The latex solids content was determined gravimetrically to be 55 wt.%. The pH of the dispersion is It is, however, important to realise that, in all cases, the AFM tip does indent to a depth z ind into the soft PSA surface. [27] When the tip of an oscillating cantilever with a set-point amplitude of A sp is in contact with a soft PSA surface, the distance between the tip and sample, d sp , is always less than A sp . Then, z ind is found from the difference between these two values:
This relationship between the three parameters is illustrated in Figure 1 .
All AFM images presented here were obtained with very similar tapping conditions.
Typically, A o was 290nm, and d sp was between 150 and 250 nm for all measurements.
This relatively high A 0 was used in this analysis in order to impart tip stability (i.e. the widest range of acceptable Asp values) and to increase the average tapping force, F av , to reveal subsurface structure. These tapping conditions also ensure that the indentation of the AFM tip into the PSA surface is small enough to avoid significant distortion of the morphology [27] .
Results and Discussion
Initial Study of Film Structure
We start the discussion by considering the physical significance of the tapping parameters. A freely oscillating cantilever has a resonant frequency f 0 , where the tapping amplitude will be at a maximum value of A 0 (f 0 ). Imaging is performed at a frequency f set slightly lower than f 0 such that A 0 (f) is typically 5% less than the peak value at A 0 (f 0 ). The lower that the setpoint tapping amplitude A sp is, in comparison to A 0 , the greater is F av . This important parameter is given in a semi-empirical equation
as [39] :
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The cantilever used in our analysis has a Q value that was determined experimentally to be 690. We have estimated F av in our experiments using Eq. 2 and 3.
In the intermittent contact (or tapping) mode of operation, a phase image can be obtained simultaneously with the height image. The phase image presents the phase lag, φ , of the photodiode output signal in relation to the driving piezoelectric signal as a function of position within the scan area. Changes in φ reflect variations in the energy dissipation, E D , of the cantilever as its tip moves laterally across a surface. φ is related mathematically to ED as [42, 43] : [43] . When the tip interacts with a highly viscous region on a surface, or a viscoelastic region in which the viscous component is high, more energy will be dissipated, and therefore E D and φ will be greater. When the tip interacts with a viscoelastic region in which the elastic component is higher, however, it is expected that less energy will be dissipated, making φ smaller. [44] In the phase contrast images presented in this work, lighter areas correspond to lower values of φ, and darker areas correspond to larger values. Hence, in phase contrast images, more energy dissipative regions will appear darker. Figure 2 shows images of the same latex film surface using two different setpoint ratios. In Figure 2a , a relatively high A sp /A 0 ratio was used, such that F av is low (1.3 nN), whereas Figure 2b is the result of a relatively low A sp /A 0 ratio, such that F av is high (4.4 nN). Clear particle identities are observed in the images. In both the height and the phase images, there is no evidence for particle coalescence. In the height images, it is notable that particles appear to be concave under a low F av but convex under the higher F av . This result is discussed in detail later in this paper.
In the phase images, there is strong contrast between the particles and the component surrounding them. Other experiments and modelling [44] has shown that contrast is accentuated in phase images when there is a low A sp and a high A o , as is the case here.
For either value of A sp , the phase images indicate that there is greater energy dissipation when the tip interacts with the polymer particles in comparison to the region surrounding the particles. We attribute this phase contrast to the effect of The reasons for contrast in phase images has been a subject of frequent investigation [34, 34, 43, 44, 45] . Phase contrast has been shown to be independent of variations in the elastic moduli (i.e. stiffness) of polymers [46, 47] , because the energy used in surface deformation is elastically recovered. (One exception is when the elastic modulus of a region is very low. In this case, the AFM tip will push deeper into the surface and thus have a greater contact area with the deformed surface. The interaction energy will then be greater. [43] On the other hand, when the tip interacts with a viscous material, energy is dissipated. There is convincing evidence from experiments and modelling [44, 48] that the energy dissipation in tip-sample interactions is greater in viscoelastic materials with a high viscosity. Variations in viscosity across a surface therefore lead to contrast in phase images and have indeed been observed over lateral distances of a few nm. [48] Equation 5 shows that φ is affected by the tapping conditions (A 0 and A sp ) and also by the cantilever choice (k and Q). However, the images in Figure 2 reveal that the contrast between the components in the phase image is not strongly affected by A sp , whereas the height image is strongly affected. Furthermore, there is not a reversal in the contrast of the phase image, whereas a reversal from concave to convex is seen in the height image.
Unlike what is seen in our results, the contrast in both height and phase images has been found elsewhere [33, 44, 49] [42] , is avoided. Likewise, the attractive regime at very low A sp is avoided. Hence, the chosen conditions of tapping avoid artefacts in the phase images and make the images relatively insensitive to variations of A sp within the ideal region.
To understand better the influence of F av on apparent film and particle structure, an image of the latex surface was obtained with a fixed A 0 but with Asp varying in small increments during an AFM scan. Figure 3 shows that the apparent particle structure switches from convex to concave with increasing A sp (and decreasing F av ). With the lower A sp , the topographical contrast between the particles and the surrounding region is low. The phase image remains essentially unchanged as A sp is varied in this range.
The question arises as to what is the true structure of the adhesive surface. Depending on F av (as adjusted through A sp ), one can conclude that particles are protruding up from a surface or sunk beneath the surface. Further investigation was therefore required to interpret the images. Our approach was to isolate the components of the latex so that their interactions with the AFM tip could be studied independently.
Separate Imaging of Surfactant and Polymer Components
The brighter regions in the phase images, in which less energy is dissipated when the tip interacts with the surface, are presumed to be the serum solids (mainly surfactant).
For the purposes of fundamental study, the polymer phase was isolated from the serum phase through dialysis. Films cast from the dialysed latex are presumed to consist primarily of the acrylic polymer. Figure 4a shows the structure that was 14 identified with AFM. The particle identity is poorly defined compared to that in the as-prepared latex (shown previously in Figure 2 ). The phase image shows that a large fraction of the surface consists of a single material. There are some regions around the particles that suggest the presence of some residual serum phase, but these regions are not clearly defined.
It was discovered that if a latex film was dried at room temperature (21 o C), islandlike regions that were more than 1 µm across appeared at the film surface. Figure 4b shows the typical structure. From the height image, it is apparent that the particle identity is not as clearly defined as in the latex dried at high temperature (cf. Figure   1 ). It is likely that the film surface is covered more by the serum (surfactant) component so that the particles are not apparent. In the phase image, there is very strong contrast between these island-like regions and the surrounding region. It was speculated that the island-like regions consist of the surplus serum solids. Further experiments were conducted to determine the water solubility of these regions as a means of confirming whether they consist of the serum phase.
Films that had been dried at room temperature were submerged into water for 30 min.
and then rinsed with flowing water for several minutes. Figure 5 compares the observed structures before and after rinsing. The "islands" that had been observed in the phase images of the as-prepared latex disappeared after rinsing. In the height images, however, the islands appear as depressions both before and after rinsing. This experiment indicates that the material in the island structure is water-soluble. were carried out to ascertain the true particle structure (whether concave or convex) and whether the island structures are truly in depressions in the surface.
The Effect of A sp on Image Contrast
Amplitude-distance (A-z) curves for hard surfaces have been thoroughly discussed elsewhere [50] as a means of studying interactions between AFM tips and sample surfaces. For a hard surface, as the distance between the tip and surface, z, is reduced at a fixed A 0 , there will be a corresponding and equal decrease in A. For a soft surface, on the other hand, A will not decrease as much as z as the tip approaches the sample because of tip indentation into the surface.
A-z analysis was conducted on the two isolated components of the latex films (serum and polymer) as a way to explain and interpret the images presented in Figures 2 and   3 . Typical A-z curves from the polymer phase (obtained from the dialyzed latex) and from the serum phase (obtained from the island region on an as-prepared RT dried latex) are compared in Figure 6 . The A-z curve from the dialyzed latex (almost pure polymer component) is regarded as equivalent to the center of the latex particles in In the scans presented in Figure 3 , the particles appear to be convex when A sp = 139 nm and concave when A sp = 209 nm, while at A sp = 175 nm, there is very low contrast between the two components so particle identity is not very clear. The cross-over of the A-z curves in Figure 6 at z = 180 nm is consistent with the low contrast in the images obtained in the same region (A sp = 175 nm in Figure 3) . The amplitude at the cross-over point corresponds to F av = 3.2 nN.
Through the quantitative comparison of the A-z curves for the two components to what is obtained from silicon, a measure of the indentation depths is obtained ( Figure   7 ). As the tip approaches the surface, z ind first increases as the tip digs deeper into the surface, and it then reaches a maximum value. Thereafter, as the tip is drawn closer, the apparent z ind falls to zero, because the cantilever is not energetic enough to pull off of the adhesive surface and it is unstable. As expected from Figure 6 , there is a crossover point between the indentation curves for the two components. Above the crossover point (at higher A sp ), the polymer particles are more indented compared to the serum solids and they therefore appear concave. Below the cross-over point (at lower A sp ), the polymer particles are indented less than the serum component, and the particles appear convex. Analysis of the indentation depths indicates that when A sp = 139 nm, z ind is 11 nm for the polymer and 16 nm for the serum solids. At A sp = 244 nm, z ind is 22 nm for the polymer and 13 nm for the serum solids. These differences in z ind explain why the same surface in Figure 6 is seen to have both a convex and concave structure, depending on the tapping conditions. 
Conclusions
Analysis of A-z curves for polymer and serum components in PSA films has revealed that when the average AFM tapping force, F av , is relatively low, the indentation depth in the polymer is greater than in the serum solids. Hence in this particular PSA, the polymer particles appear concave. But when F av is higher, the opposite is true, and the particles appear to be convex. The cross-over point occurs at A sp = 180 nm, which corresponds to F av = 3.2 nN. The phase images, on the other hand, are much less sensitive to the tapping conditions and do not undergo a reversal in contrast when F av is varied. They can be reliably used to distinguish the components of the PSA by differing viscoelasticity.
There are distinct differences in our findings for AFM imaging of PSA films and what has been reported in the literature for copolymers and polymer blends. In PSA films, there is a reversal in the height but not in the phase contrast. In AFM analysis of these other polymer systems, reversals are reported in both height and phase images. In the latter case, contrast reversals occur when moving from the attractive to repulsive regions of tip-sample interaction. In our imaging of PSA films, high tapping forces are used, and the analysis is not conducted in the attractive regime. Therefore there is a different reason for the contrast reversal of height images of PSA films, related to differences in the indentation depths of the materials components, as was determined herein. 
